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Since  the  comprehensive  coverage  of  electron-microscopic  findings  in 
tbs  field  of  virus  research  was  published  by  H.  Busks  in  1950  (1),  the 
rapid  developawnt  of  this  do sain  has  resulted  in  considerable  changes  in 
approach..  While  in  earlier  years  most  studies  were  concentrated  on  the 
else  and  shape  of  isolated  virus  particles,  current  investigations  deal 
with  the  various  phases  of  the  system  host  cell-virus,  especially  the 
processes  during  infection,  during  viral  propagation  within  the  cell  and, 
not  to  a  lesser  extent,  with  the  detailed  structures  of  the  virus 
particles  proper,  their  biochemical  composition  and  the  fractional  sig¬ 
nificance  of  their  subordinate  factors. 

The  expansion  of  subject  matter  for  research  resulted  by  necessity 
from  the  increase  in  methodical  approaches  occurring  primarily  in  tha 
field  of  electron-optical  techniques  of  preparation.  In  addition,  the 
extension  of  light-optical  methods,  brought  about  by  such  advances  as 
the  Introduction  of  fluorescent  antibodies  (2),  enriched  the  science  of 
virology  with  valuable  new  insights  (3).  The  most  decisive  progress, 
however,  was  doubtless  offered  by  the  method  of  ultra cytology,  which  in 
recent  years  has  been  developed  to  a  high  degree  of  perfection  (4). 

^ Since  it  became  possible  to  obtain  sections  from  infected  tissue  30-50 
millimicrons  thick,  and  to  study  these  electro n-aicrotoopically,  this 
method  has  opened  to  virology  a  field  of  application  of  inestimable 
value,  a  field  that  is  characterised  by  bridging  the  gap  between 
morphology  and  macromolecular  chemistry. 

The  present  compilation  is  based  on  s  number  of  selected,  typical 
examples  in  an  ascending  order  of  magnitude,  permitting  facile  demon¬ 
stration  of  the.  advances  made  during  ths^past  years,.  The  gisatST 
jmphasi s^ placed  on  the  group  of  poxfthiaee/ls  justified  br-the  author's 
particularly  intensive  study  of  these  viruses.  Besides,  morphological 
knowledge,  which  ought  to  receive  principal  consideration  iff'this  paper, 
has  seen  particularly  great  advraoes  among  this  group.  A  number  of 
recent  compilations  have  covered  the  entire  field  in  s  less  accentuated 
fashion  (5,  6,  f).  * 


Ths  expression  "el— atsry  body"  will  bo  enployed  repeatedly  hence- 
fortb.  The  tarm  "elesantary  body"  woo  coined  during  the  light- -optical 
oro  of  virus  roooorcb  and  boo  sinco  boon  uood  alaost  exclusively  for  tho 
doacription  of  thoao  types  of  Tiruo  that  oro  Just  visible  with  tho  light 
microscope,  i.o.  osoontiolly  tho  Tiruooo  of  tho  psittacoeis-lynphogranulona 
inguinole  group  with  o  disaster  of  400-500  mm-  and  those  of  tho  pox  group, 
250  o/t-  in  disaster.  Since  electron-optical  methods  have  now  rereeled 
amorous  other  Tiruooo  in  the  font  of  infectious  particles,  it  seeas  quite 
proper  to  extend  this  tern  to  Tiruo  particles  of  aa&ller  diaension,  e.g,  to 
those  of  foot  and  south  disease,  which  were  recently  confined  eleetron- 
optically  sad  which  sea  sure  22  mjt,  ,  i.e.  one  liar  by  one  deciaal  power 
(8).  lio rearer,  the  diainutire  fora  custoaary  in  the  Qerasn  literature 
should  be  aboliohed  in  Tlew  of  the  shift  in  sise.  The  ten  "elo—ntary 
body"  will  therefore  be  synonyaous  with  "Tiruo  particle"  in  the  following 
elucidations. 


Poliomyelitis  virus. 

The  aodern  electron  aicroocopa's  power  of  resolution  under  optiaal 
conditions  of  oontrast  is  currently  near  1  mf'  (9),  with  optically  loss 
favorable  depiction  of  ultra- thin  tissue  sections,  about  3-5  b/a-  (10). 
Consequently  there  are  no  physical  obstacles  to  the  identification  of 
tho  eaallest  currently  know  elenentary  bodies  of  about  20  within  the 
infected  cell.  However,  the  difficulty  of  identifying  the  particles  as 
viral  bodios  and  differentiating  then  fro  a  the  native,  detailed  structure 
of  the  nomal  cell  or,  even  sore  so,  of  tho  pathologically  changed  coll, 
is  ocaqwwmdod  with  decreasing  particle  size.  Thus,  for  exsaple,  tho 
rarely  publicised  attests  at  intracellular  localisation  of  poliovirus 
which,  with  a  diaaster  of  27  a/t-  >  belongs  to  tho  aeallest  currently 
know  viruses,  have  so  far  given  no  distinct  clues  to  a  positive  identi¬ 
fication  of  eleewntary  bodies  within  the  boat  call  (11,  12,  12a);  they 
aerely  show  the  difficulties  associated  with  studies  of  swell  viruses. 

On  the  other  hand,  the  gain  in  knowledge  of  these  viruses  is  quite 
considerable,  thanks  to  the  application  of  conventional  aethods  of 
electron  alcroeoopy.  The  aoet  important  prerequisite  for  the  aorpho- 
logLcal  study  of  saall  viruses,  the  production  of  highly  purified 
suspensions,  was  aet  a  few  years  ago  by  tha  feasibility  of  inducing  viral 
propagation  in  tissue  cultures  and  by  Methodical  perfection  of  enrich  want, 
and  purification.  Treataent  of  very  large  quantities  of  infected  cell 
cultures  yielded  poliovirus  (13,  4;  euaaation  15)  in  1955  sod  the  related 
Coxsackle  virus  (16)  in  1956  in  a  degree  of  purification  so  high  that 
crystallisation  was  induced.  Thus,  proof  was  offered  twenty  years  after 
the  first  report  of  successful  crystallisation  of  a  pfaytopatbogenio 
vims,  that  there  are  crysta  Hi  sable  viruses  taong  those  pathogenic  for 
aniaals.  Poliovirus  further  re  scabies  plant  viruses,  e.g.  bushy  stunt 
virus  of  tho  tons to,  in  view  of  its  oontsnt  of  about  Z$%  SKA,  an  sb- 
noraally  high  level  for  anlaal  viruses. 


Electron-optical  studies  carried  out  on  such  crystals  b j  as  ins  of 
the  replica  technique  show  that  elementary  bodies  of  probably  spherical 
structure  are  combined  i some tri cal ly  to  a  crystal  lattice  without 
matrix.  The  particle  site  within  the  crystal  amounts  to  27.3  it  1*4  */*" 
(17)  in  the  ease  of  poliovirus,  and  26  m^t  (16)  in  the  case  of  Coxsadde 
virus.  From  the  viewpoint  of  morphology,  the  fact  that  90—9936  of  the 
elementary  bodies  included  in  the  crystal  lattice  turn  out  to  be  inactive 
upon  quantitative  evaluation,  nay  appear  to  be  a  mere  aesthetical  short¬ 
coming;  this  circumstance  is  probably  induced  by  prolonged  treatment. 

The  crystallisability  of  a  virus  is  a  remarkable  factor  and  certainly 
represents  an  expression  of  extreme  uniformity  among  the  individual 
virus  particles.  This  does  not  clarify  the  internal  arrangement  of  the 
elementary  bodies,  however.  Even  though  the  chemist  will  be  tempted  to 
presuppose  macromolecules  in  the  crystal  lattice,  the  morphologist 
reserves  the  right  to  consider  the  basic  units,  by  his  criteria,  as 
structurally  indivisible  corpuscles.  Further  investigations  of  the  fine 
structure  of  tbfse  elementary  bodies  are  indispensable.  At  any  rate,  it 
is  worth  mentioning  in  this  connection  that  a  differentiation  between 
an  outer  membrane  and  an  internal  body,  designated  hypothetically  as 
"nucleoid,"  has  already  been  described  (18).  Illustrations  by  other 
authors  (e.g.  19)  also  point  to  s  sub-structure  of  the  particles, 
including  electron  micrographs  of  sectioned  virus  sediments  (20)  and 
evaluations  of  X-ray  diagrams  (21),  which  suggest  that  the  centrally 
located  RNA  is  surrounded  by  a  layer  consisting  of  60  protein  subunits. 

Adenovirus. 

As  may  be  expected,  the  conditions  sire  more  favorable  in  the 
clarification  of  larger  elementary  bodies.  When  the  particles  are 
doubled  in  size,  i.e.  to  about  60  n*-  ,  currently  available  methods  have 
been  found  adequate  for  the  differentiation  of  elementary  bodies  and 
cellular  structures,  since  all  virus  particles  studied  to  date  have 
revealed  characteristic  internal  structures.  As  in  the  case  of  light- 
optical  demonstration, of  relatively  large  bodies,  e.g.  ricketteia,  it  is 
difficult  to  identify  viruses  with  certainty  if  their  concentration  in 
the  cell  is  email.  Compared  to  light-optics,  thib  difficulty  is  com¬ 
pounded  by  three  very  important  factors:  The  insubstantial  thickness 
of  the  sections  (one  section  enoonpasses  only  stout  l/500th  of  the  cell 
volums),  limitation  of  the  visible  cellular  surface  imposed  by  magnifi¬ 
cation,  and  the  absence  of  color  hues.  The  conditions  are  particularly 
favorable  tosn  the  elmmntaiy  bodies  are  easily  recognized  by  an 
aggregate  arrangement.  A  remarkable  example  of  this  state  is  offered 
by  the  adenovirus,  a  group  of  pathogens  of  the  respiratory  tract  dis¬ 
covered  only  a  few  years  ago  (22,  23)  whieb  have  been  subjected  to 
Intense  study  in  various  quarters  in  view  of  their  morphological 
attractions.  When  an  HeLs  cell  culture  is  sectioned  24  hours  after 
infection  or  later,  toe  interior  of  toe  cell  nuclei  quite  regularly 
reveal  elemsntary  body  aggregates  toieb  extend  across  several  microns 
and  which  therefore  can  be  identified  light -optically  (24). 
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The  most  important  findings,  confirmed  by  other  authors,  shall  be 
ilanm1  ratsrt  below  by  Maas  of  a  few  Illustrations  of  adenovirus,  Type  3, 
obtained  in  collaboration  with  K.  H.  Andres  and  G.  Nielsen.  Fig.  1  shows 
a  relatively  early  stage  of  Infection  In  a  barely  affected  Hela  cell. 

In  addition  to  nnMrous  aggregations  of  ele—ntary  bodies,  the  cell 
nucleus  contains  several  centers  of  dsnsity  with  variable  contrast. 
Current  interpretations  establish  a  close  relationship  of  these  centers 
with  the  for  nation  of  eleasntary  bodies,  without  the  benefit  of  strict 
proof.  Closer  scrutiny  leads  to  the  surprising  discovery  that  the 
■ajorlty  of  viral  aggregations  are  delineated  by  a  polygonal  contour 
and  that  the  eleasntary  bodies  in  the  Interior  of  the  aggregates  for*  a 
regular  crystal  lattice  (Fig.  2)  (25-29).  Thus,  a  condition  that  could 
be  shown  in  the  ease  of  poliovirus  only  with  purified  viral  suspensions 
in  vitro,  already  aanifests  itself  persuasively  in  vivo  iAen  dealing 
with  adenovirus.  The  tendency  to  crystal  formation  is  variable  aaong 
the  different  types  of  adenovirus.  When  the  structure  of  the  cell 
nucleus  is  destroyed  in  the  onward  course  of  infection,  the  crystals 
pass  into  the  cytoplasa  and  are  gradually  dissolved  therein,  ultimately 
resulting  in  a  free  dispersion  of  el  onset  ary  bodies  in  the  plasm.  As 
depicted  in  Fig.  3,  regular  observation  is  made  in  this  connection  of 
concentrically  oriented  membranous  system  —  evidently  constructed  by 
the  cell  —  which  subject  the  virus  particles  to  areal  isolation  fron 
the  reenlning  plasua  (26). 

In  contrast  to  several  other  viruses,  only  one  basic  for*  of 
elmantary  body  is  currently  known.  The  particles  in  the  cytoplasa 
cannot  be  differentiated  from  those  in  the  cell  nucleus.  They  have  a 
disaster  of  about  60-45  .  Electron-optical  information  about  their 

interior  structure  is  therefore  obtained  with  greater  certainty  than  in 
the  case  of  poliovirus.  Several  authors  agree  in  describing,  an  inner 
body  (probably  containing  HA),  a  peripheral,  lighter  sone  and  a 
surrounding  umbra  ns  (Fig.  4).  It  is  true  that  the  inner  body  * y  be 
absent  in  isolated  cases  (25,  29).  Such  elemntary  bodies  possibly 
represent  particles  that  are  not  yet  or  no  longer  infectious.  They  My 
correspond  to  those  elemntary  bodies  fron  purified  suspensions  that 
deviate  frod  normal  owing  to  a  translucent  center  (30).  There  is  less 
agreeaant  oh  the  external  shape  of  the  particles.  The  aforementioned 
authors  considered  than  to  be  spherical,  based*  on  sections  fixed  with 
oanlun  tetroxi.de .  As  Andres  and  Nielsen  (31)  were  able  to  show  in  our 
research  group,  a  different  picture  is  prefaced  when  fixation  is 
acc<wpliahed  with  potassiun  permanganate.  This  type  of  fixation  was 
Mat  successful  after  "plaxifua"  had  been  found  to  be  a  suitable 

agent  (32).  This  process  produces  distinct  polygonal  deline¬ 
ation  of  elemntary  bodies,  not  only  when  deposited  within  a  crystal 
(Fig.  4a),  there  this  could  be  caused  by  dense  peeking,  but  also  after 
its  ^"g  or  dissolution  in  the  cytoplam  (Fig.  4b) .  It  is 
possible  that  fixation  with  OsOj,  fails  to  adequately  contrast  the 
virus  particles'  periphery,  thus  being  unable  to  visualise  the  outermost 
layer.  This  result  agrees  with  the  experience  of  other  authors  (33,  34) 


who  also  suspected  a  polyhedral  shape,  based  on  freely  prepared  elementary 
bodies.  Icosahedxa  and  rhombic  dodecahedra  have  been  considered.  Based 
on  personal  experience  gained  from  preparations  fixed  with  KMnO^,  we 
prefer  the  latter  in  the  case  of  adenovirus  (Type  3)  (31) . 

To  my  knowledge,  purified  particles  have  not  been  subjected  to  bio¬ 
chemical  analyses  to  date.  It  was  established  in  elegant  fashion  by 
means  of  sections  of  variable  thickness,  that  the  crystalline  aggregates 
will  normally  produce  positive  Feulgen  reactions.  They  differ  clearly 
from  nucleic  chromatin  by  refusing  to  absorb  the  pigment  upon  over¬ 
staining  with  asure  B  (35) .  Since  no  special  matrix  was  found  electron- 
optically  within  the  crystalline  aggregates,  the  content  of  DMA  was 
ascribed  to  the  elementary  bodies  proper. 

Parti oular  attention  is  due  to  the  fact  (at  least,  as  far  as  Type  5 
is  concerned)  that  Feulgen -negative  intra nucleic  protein  crystals  up  to 
20 in  length  were  observed  in  addition  to  those  just  described,  i.e. 
structures  that  contain  very  little  or  no  DMA  (36,  37) •  Since  such 
bodies  were  found  predominantly  in  early  stadia  of  infection,  it  ia  not 
improbable  that  these  are  aggregates  of  preliminary  stages  of  intact 
elementary  bodies,  possibly  virus  protein  that  is  not  yet  equipped  with 
virus-specific  DMA.  Other  manifestations,  such  as  the  uniform  distribu¬ 
tion  of  isolated  elementary  bodies  over  large  nucleic  areas  or  the 
appearance  of  Feulgen -positive  aggregates  in  the  cytoplasm  of  the 
infected  cell,  oould  be  interpreted  as  being  an  expression  of  a  develop¬ 
mental  cycle  of  the  virus,  linked  to  the  host  cell's  degeneration. 

Herpes  viruses. 

Viruses  appearing  in  the  nucleus  include  tbs  virus  of  herpes  simplex, 
again  twice  as  large  ae  the  preceding  pathogen.  In  free  preparations,  it 
shove,  as  do  the  adenoviruses,  transitions  oontaining  both  spherics  <. 
particles  with  dense  centers  and  those  that  have  relatively  translu.  mt 
centers  (3d,  39).  Detailed  results  were  obtained  from  thin  sections  of 
cells  infected  with  herpes  simplex  (40,  41).  About  12  hours  after 
Infection,  the  first  morphologically  secured  sign  of  viral  propagation 
appears  in  the  cell  nucleus  in  the  form  of  small,  dense  particles  about 
40  m ^  in  diameter.  These  primary  bodies  subsequently  reach  a  dimension 
of  70-100  «»/■<-  fay  the  addition  of  an  enveloping  membrane,  and  later, 
during  their  exit  into  the  cytoplasm,  acquire  a  second  membrane  and  a 
total  size  of  120-130  m/*/  .  In  this  case,  three  different  phases  of 
viral  development  are  thus  clearly  delineated.  It  is  quite  probable 
that  the  terminal  stage  marked  by  a  dual  membrane  represents  the  mature, 
fully  infective  virus,  as  it  is  encountered  in  extracellular  space. 
Similar  conditions  were  observed  in  the  case  of  herpes  B  virus  (42). 
Parallel  to  the  results  obtained  from  adenovirus,  a  certain  strain  of 
herpes  simplex  virus  (43)  and  herpes  B  virus  (44)  have  also  been 
described  ae  possessing  a  crystalline  arrangement  of  intranucleic 
elementary  bodies,  i.a.  those  having  only  one  membrane.  The  tendency 


of  virus  parti doe  to  incorporate  those elves  in  a  crystal  lattice 
apparently  is  weaker  among  the  herpes  group  than  among  adenoviruses. 

The  aost  important  prerequisite  of  such  an  arrangement,  i.s.  the 
uniformity  of  individual  particles,  probably  is  not  as  ideally  pro¬ 
nounced  aaong  the  acre  labile  herpes  viruses. 

There  is  aoae  support  for  the  assumption  that  the  herpes  eleaentary 
body  receives  its  seoond  aeabrane  during  its  transfer  froa  the  nucleus 
to  the  eytoplasa  and  that  this  envelope  is  aaterially  contributed  fay  a 
noraal  coaponent  of  the  host  cell,  perhaps  the  nuclear  aeabrane.  During 
this  process  of  envelopaent ,  it  aay  happen  that  two  eleaentary  bodies 
are  occasionally  surrounded  by  one  outer  aeabrane,  as  has  been  observed 
in  isolated  eases  in  oonnsetion  with  herpes  B  virus  (42).  The  tern 
"aeabrane,*  carried  over  froa  the  literature,  does  not  indicate  possible 
functional  perforaances  of  the  corresponding  structure  in  this  connection. 
The  saae  circumstance  could  be  acre  correctly  clarified  with  the  concept 
of" layer-.  Since  the  nature  elementary  bodies  contain  a  sons  of  weaker 
contrast  between  the  inner  "aaebmne"  and  the  newly  acquired  one,  it  is 
quite  probable  that  this  layer  is  also  attached  to  the  virus  particles 
at  a  later  time. 


Virus  of  nouse  aaaaary  gland  cancer. 

The  process  of  envelopment  of  virus- sped. He  particles  by  a  sheath 
preformed  by  the  host  cell  seeas  to  involve  a  generalised  principle. 
Comparative  observations,  have  been  aade  in  connection  with  other  viruses, 
e.g.  the  virus  of  mouse  aaaaary  gland  cancer  (4$),  whose  development  was 
recently  studied  electro n-optieally  In  tissue  explants  (46,  47) •  In  this 
case,  the  barrier  at  which  envelopment  takes  place  is  not  the  nuclear 
membr—ie,  but  apparently  the  cell  wall.  The  well-defined,  intracellular 
elementary  bodies  ifcich  had  been  preformed  in  the  eytoplaan,  leave  the 
cell  by  way  of  protrusion*  in  the  cell  wall  (microvilli)  and  probably 
acquire  cell  wall  naterial  in  the  process. 

hyxovi ruses. 

Among  mixoviruses,  the  conditions  of  multiplication  are  similar  and 
yet,  in  naay  respects,  different.  (This  groujf  has  recently  been  treated 
in  this  Journal  by  a  representative  discussion  of  the  virus  of  classical 
fold  cholera  (48,  cf.  also  49-51) •  It  will  be  considered  only  briefly 
within  the  present  framework,  compared  to  the  extensive  literature.) 

These  viruses  also  receive  their  ultimate  structure  only  at  the  cell 
wall.  However,  an  interesting  and  very  jjg>ortant  difference  vis-a-vis 
the  viruses  discussed  heretofore,  consists  of  the  circumstance  that 
electro n-opti cally  identifiable  preliminary  stages  of  mature,  eleaentary 
bodies  have  bean  found  neither  in  the  cell  nucleus  nor  in  the  host  cell's 
cytoplasm.  Definable,  eoaplete  virus  particles  of  this  group  apparently 
exist  only  outside  the  eel  1.  It  ia  known  from  serological  and 
fluorescence-optical  studies  of  influence  virus  and  ths  virus  of 
classical  fowl  cholera,  that  virus-specific  preliminary  stages  —  a 
complement-fixing,  BMA -containing  antigen  and  an  hemagglutinin  —  are 
demonstrable  in  the  host  cell  at  an  early  stadium.  A  positive  electro n- 
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optical  proof  of  these  subunits  within  the  cell  has  not  been  secured  to 
date,  however.  Aside  fro*  lipid,  these  two  factors  are  reencountered  in 
the  intact,  infectious  elementary  bod/  after  the  termination  of  synthesis . 
When  the  virus  particle  is  deeo^sosed  in  ether,  both  are  liberated  anew 
and  electro n-opti call/  measurable  antigen  particles  12-17  *M-  in  via* 
are  obtained,  part  of  idiich  show  oblong  aggregation,  together  with 
spherical  particles  of  hemagglutinin  about  30  m/^  in  disaster.  Based 
on  atari  tar  results  as  well  as  serological  and  chemical  findings,  models 
of  elementary  bodies  have  been  constructed  for  the  viruses  of  classical 
fowl  cholera  (40)  and  influenza  (52)  which;  in  addition  to  various 
differences,  share  a  c antral  arrangeaent  of  HMA-oont aiming  antigen  and 
a  peripheral  location  of  hemagglutinin. 

A  differentiation  of  the  internal  structure  of  intact  elementary 
bodies  of  the  ayxorirus  group,  shown  in  to to,  has  not  succeeded  to  date, 
although  this  has  been  accomplished  with  sectioned  particles  (53,  54, 
cf.  also  55).  Preparations  fixed  with  OsO^  have  revealed  a  dense  inner 
body  about  20  in  size,  surrounded  by  a  lifter  zone,  a  sharply 
demarcated  membrane  and,  finally,  by  a  more  diffuse,  external  envelope 
of  lower  density.  The  diameter  of  the  unimpaired  particle  is  70-80 
If  fixation  is  done  with  KHnO^  instead  of  with  O8O4,  as  utilised  by 
M.  B.  Bayer  in  his  study  of  hemagglutination  by  influenza  virus 
A/Singapore  (56),  an  insight  of  comparable  quality  is  gained  into  the 
particle's  internal  structure  (Fig.  5).  However,  material  subjected  to 
this  type  of  fixation  and  optimal  section  seems  to  reveal  inner  bodies 
with  a  light  center;  moreover,  the  peripheral  enveloping  substance 
appears  as  the  most  strongly  contrasted  structure.  The  contrasting  of 
detailed  structures  probably  depends  in  large  measure  on  the  type  of 
fixation.  Judging  fay  currently  available  electron  micro  graphs,  the 
various  components  of  these  elementary  bodies  consist  of  concentrically 
arranged  layers.  So  far  there  has  been  no  electron-optical  support  for 
an  arrangement  of  hemagglutinin  in  the  form  of  6  individual  particles 
30  mM'  in  size,  as  contained  in  the  model  of  the  classical  fowl  cholera 
virus  (4B).  Special  attention  is  due  also  to  Bayer's  observation  (56) 
that  fixation  with  K&1O4  promotes  the  visualisation  of  a  polygonal 
delineation  of  elementary  bodies  of  Influenza  virus,  analogous  to  the 
findings  relative  to  adenovirus  (see  above)  (Fig.  5a).  Future  in¬ 
vestigations  will  establish  Aether  or  not  an  artificial  phenomenon  is 
involved. 

In  addition  to  the  discussed  infectious  virus  particles,  generally 
referred  to  as  spherical,  there  have  been  known  for  some  time  fila- 
swntous  forms  possessing  low  infectivity  or  none  at  all.  Sectional 
preparations  reveal  the  absence  of  an  inner  structure  corresponding  to 
the  central  core;  such  an  inclusion  nay  become  apparent  only  toward  the 
end,  where  they  occasionally  assume  a  structure  resembling  an  elementary 
body.  The  so  called  incomplete  viruses  also  appear  to  be  hollow  in 
sections  (54);  they  represent  elementary  bodies  capable  of  hemagglutina¬ 
tion  (Fig.  6),  but  not  of  infectivity.  Their  dimensions,  between  50  and 
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120  u.fju  In  diamster,  fluctuate  wore  widely  then  those  of  complete  virus. 
There  Is  oonsidereble  support  for  the  assumption  that  the  virus  particle's 
capability  to  induce  infection  is  intimately  tied  to  the  existence  of  an 
inner  body.  This  would  be  eminently  dear  if  the  latter  contained  RIA, 
as  suggested  by  the  results  mentioned  above.  The  link  between  serologic 
and  ehsnfeal  findings  on  one  hand,  and  morphological  results  on  the  other, 
has  not  been  established  unequivocally  in  the  ease  of  nyxoviruses. 

Poxviruses. 

In  this  respect,  knowledge  of  the  viruses  in  the  pox  group  has  seen 
considerably  greater  progress,  in  spite  of  their  rather  complicated 
structure.  Their  stability,  site  and,  especially,  their  typical  shape 
proved  to  be  extremely  favorable  for  morphological  investigation.  As 
recognised  at  an  early  date,  the  most  striking  structural  characteristic 
of  this  group  is  the  "brick  shape."  It  permitted  the  consolidation  of 
the  viruses  of  variola  vara,  vaccinia,  molluscum  contagiosun,  fowl  and 
canary  pox,  ec trowel is  and  rabbit  myxoma  in  the  group  of  socalled  brick 
viruses  (57).  This  classification  is  immediately  supported  by  biological 
similarity;  it  is  ultimtely  justified  on  the  basis  of  additional 
morphological  findings.  Nowadays,  this  group  includes  the  virus  of 
rabbit  fibroma  (Shops)  besides  the  pathogens  of  other  animal  pox  diseases; 
perhaps  it  will  be  increased  by  the  addition  of  still  other  viruses,  e.g. 
those  of  stomatitis  pulposa  and  contagious  pustular  dermatitis.  Mo 
positive  virus-specific  differences  have  been  discovered  within  this 
group,  either  in  the  structure  of  el  ament  ary  bodies  or  in  morphologically 
visible  processes  of  their  genesis,  other  than  certain  variations  in 
their  external  form.  Pronounced  deviations  ere  known  only  from  the  later 
stage  of  Infection,  the  phase  of  inclusion  body  formation.  The  virus  of 
vaccinia,  studied  most  intensely  to  date,  will  serve  as  a  nodal  in  the 
description  of  elementary  bodies  proper  and  of  the  phenomena  preceding 
their  development. 


The  morphology  of  mtor*  vaccinia 
elementary  bodies. 

Suspensions  of  mature  elementary  bodies  are  obtained  without 
particular  difficulty  fay  homogenisation  of  infected  rabbit  akin  and 
differential  centrifugation.  However,  direct  preparations  of  fiilly 
infected  tisane,  e.g.  rabbit  cornea,  chorioallantoic  membrane,  Hela  cell 
cultures,  generally  lead  to  practicable  results  (58,  59) •  The  lesser 
purity  of  such  preparations  is  compensated  by  the  advantage  that  the 
factor  of  selection,  unavoidable  in  the  course  of  repeated  centrifuga¬ 
tion,  is  absent.  Regardless  of  the  type  of  preparation,  mature 
elementary  bodies  regularly  present  e  brick  shape  with  rounded  oomers 
(Pig.  7  and  g).  The  typical  fern  considerably  facilitates  differen¬ 
tiation  between  virus  particles  and  cellular  debris,  and  thereby  offers 
favorable  conditions  for  rapid  slsctron-optical  confirmation  of  variola 
diagnosis  (80).  Dimensional  data  fluctuate  considerably  for  the  various 
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viruses  of  the  pox  group;  their  length,  for  instance,  ranges  from  230  to 
320  m/tu  .  No  inferences  of  confirmed  deviation  in  size  should  be  aade 
from  this  data,  however,  since  the  results  imparted  so  far  are  still 
marked  by  various  imperfections.  The  situation  is  similar  with  respect 
to  the  axial  ratio  length:  width ‘.height,  which  ought  to  be  fairly 
established  at  an  average  of  2:1. 5:1  for  all  members  of  the  pox  group. 

As  long  as  more  suitable  electron-optical  methods  were  non* existent, 
there  was  no  shortage  of  attempts  to  demonstrate,  by  means  of  measure¬ 
ments,  that  vims  particles  do  or  do  not  multiply  by  division  (61,  62,  58). 
The  concensus  was  that  no  positive  dividing  forms  had  ever  been  observed 
and  that  the  variation  in  size  shown  by  elementary  bodies  did  not 
exclude  division,  but  that  this  variation  was  still  considerably  smaller 
than  in  the  case  of  cocci  in  their  flssional  phase,  for  example. 

Mature  elementary  bodies  therefore  are  best  interpreted  as  an  expression 
of  a  latent  stage,  oojqp&r&hie  to  micro cysts  or  spores  (63). 

In  customary  preparations,  the  elementary  bodies  appear  almost 
invariably  in  a  horizontal  position.  However,  when  the  interfacial 
forces  are  avoided  or  attenuated  during  drying,  as  rendered  feasible  fay 
means  of  the  socalled  "critical  poipt"  method  (64)  or  by  preparations 
with  isopentane  (65),  numerous  bodies  are  regularly  seen  in  a  vertical 
position  (Fig.  7,  8  and  12  e~d)  (66).  The  third  dimension  becomes 
directly  visible  thereby.  Preparations  of  this  type  already  show  that 
elementary  bodies  are  not  constructed  homogeneously.  Horizontally 
positioned  particles  invariably  reveal  a  central  density;  contrasting 
aggregates  of  lesser  degree  are  frequently  found  also  in  the  four 
corners  (Fig.  7  and  12a)  (67) .  In  preparations  treated  with  vapor,  the 
central  denaity  is  particularly  emphasized  by  a  round  depression  (Fig.  8 
and  12b).  The  profils  of  elementary  bodies  is  characterized  by  a  bi¬ 
lateral  protrusion  (Fig.  7,  8  and  12  c-d).  In  spite  of  greater  contrast, 
the  vertically  placed  particle  reveals,  along  the  long  axis,  a  distinct 
delineation  of  a  strongly  contrasted  dumbbell-shaped  internal  structure 
from  an  external  layer  of  leseer  density  (Fig.  7). 

A  process  connected  with  electron  irradiation,  whose  detailed 
mechanism  is  not  yet  clear,  permits  a  very  specific  illumination  of  this 
particular  zone  (Fig.  9)  (68) .  As  preliminary  steps,  the  elementary 
bodies  are  first  dehydrated  and  treated  with  such  unpolar  solvents  as 
carbon  tetrachloride  or  heptane.  The  horizontal  elementary  bodies 
indicate  that  this  prooess  apparently  begins  in  the  four  corners  and 
spreads  circularly  around  the  central  density.  This  phenomenon  could 
be  dismissed  as  an  undesired  artifact  if  it  wpre  not  marked  by  hi# 
specif ieity  and  did  not  affect  that  special  internal  structure  Which, 
as  will  be  discussed  later,  has  been  recognized  ae  the  vehicle  of  SKA. 


Structural  analysis  by  naans  of 
feraentive  degradation. 


Greater  insight  into  the  anatony  of  eleaentary  bodies  is  obtained 
by  gradual  degradation,  i.e.  by  aimed  isolation  of  individual  detailed 
structures.  However,  methods  of  dissolution  are  successful  only  when 
narked  by  a  high  specificity.  Alkali,  for  example,  is  unsuitable,  since 
its  action  is  not  specific  (67).  This  condition  is  net  ideally,  upon 
proper  application,  by  highly  purified  proteolytic  or  nucleic  acid¬ 
splitting  enzymes.  This  approach  became  feasible  after  Dawson  and 
McFarlane  (69)  had  shown  that  the  peripheral  layer  of  the  vaccinia 
elementary  body  is  lysed  by  pepsin;  a  sharply  delineated  core  remained 
within  a  resistant  enveloping  membrane  (Fig.  10).  DMA,  found  to  be 
present  in  a  concentration  of  5.6$  (70),  remainod  undissolved  during 
this  process,  justifying  the  assumption  of  its  localisation  in  the 
inner  body.  The  ultimate  proof  of  this  circumstance  was  finally 
delivered  by  the  application  of  a  method  which  bad  been  perfected 
previously  in  work  with  bacterial  nuclei  (71,  72;  cf.  also  73)  •  The 
inner  body,  isolated  with  pepsin,  was  brought  into  specific  solution  with 
DNase  and  a  second  treataent  with  pepsin  in  the  case  of  elementary  bodies 
of  vaccinia  (74),  molluscum  contaglosua  (75,  63)  and  canary  pox  (76);  the 
result  jas  partly  or  completely  eapty  membranes,  as  depicted  in  Fig.  12 
u-x.  Depolymerization  of  DMA  by  nuclease  cannot  be  observed  for  the  tine 
being,  since  the  mass  density  of  the  core  is  not  essentially  decreased 
thereby.  Tbs  fact  that  the  inner  body,  being  pepsin-stable  at  the  start, 
is  rendered  pepsin-sensitive  after  treatment  with  nuclease,  shows 
unequivocally  that  the  enzyme  had  been  effective.  It  is  understood  that 
pepsin  ean  be  replaced  by  papain  at  pH  4*2  in  both  phases  of  this 
reaction  (77).  The  inner  body  therefore  consists  of  a  desojgrrlbonucleo- 
proteide.  A  considerable  portion  of  the  protein  component  may  also  be 
lysed  with  weak  hydrochloric  acid  after  treatment  with  DNase;  it  probably 
contains  a  protein  of  the  histone  type  (74).  The  occurrence  of  HNA  in 
vaccinia  elementary  bodies  has  not  been  excluded  or  confirmed  bio¬ 
chemically  to  date.  Several  tests  have  failed  to  produce  a  morphologi¬ 
cally  demonstrable  substrate  for  ribonuelrase. 

The  DMA-cootal ning  inner  body  is  not  a  coapact  structure;  suitable 
fixation  reaveals  it  in  the  form  of  an  oblong  disc  that  is  lent  an 
annular  aspect  by  a  central  depression  and  often  presents  the  profile 
of  a  short,  dumbbell-shaped  rod  (Fig.  12  i-1).  Apparently  it  is  not 
identical  with  the  so called  "central  density"  (78;  cf.  also  63,  76). 
Frequently  the  oontrast  of  the  core  to  the  longitudinal  axis  of  the 
elementary  body  is  strongly  accented,  giving  the  i^resaion  of  a  dual 
structure  (Fig.  13b). 

The  "central  density"  is  another  structural  element  that  becomes 
visible  in  the  center  of  the  core  in  level  elementary  bodies  when  the 
action  of  pepsin  is  short-lived  (76)  or  at  less  favorable  pH  values 
(e.g.  3.5  instead  of  1.5)  (Fig.  12  e-f)  (79).  More  favorable  conditions 
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for  its  observation  are  created  when  the  annular  core  is  removed  in 
addition  to  the  peripheral  layer,  e.g.  during  hydrolysis  with  papain  (77) 
or  trypsin  (80)  in  the  neutral  range.  In  level  elementary,  bodies,  this 
element  thereupon  appears  in  the  expected  central  location  (Fig.  12  q-r) . 
In  originally  vertically  positioned  particles,  on  the  other  hand,  two 
laterally  arranged  bodies  become  visible  under  these  conditions  (Fig.  12 
s-t,  13  c-d).  For  this  reason,  the  so cal led  "central  density"  of 
horizontal  elementary  bodies  apparently  represents  the  combined  contrast 
of  two  superimposed  bodies. 

It  follows  from  the  preceding  results  that  mature  elementary  bodies 
consist  of  at  least  four  substructures:  1.  an  enveloping  membrane, 

2.  a  peripheral  protein-containing  layer,  3*  a  DNA -containing,  discal 
or  annular  inner  body  and  4.  a  dual  structural  element  corresponding 
to  the  so called  "central  density." 

As  in  light-optics,  electron-optical  results  also  depend  on  the 
correct  choice  of  fixatives.  Our  objects  yielded  excellent  results 
upon  fixation  with  alcohol-acetic  acid,  although  0s04,  preferred  in 
electron  microscopy,  was  utilized  with  fairly  good  success  tdien  the 
dnzymatic  reaction  was  subsequently  carried  out  in  a  reducing  milieu 

(79)  r  Systematic  studies  (66)  with  pepsin  (79),  papain  (77)  and  trypsin 

(80)  of  the  relation  between  enzymatic  reaction  and  pH  or  the  ionic 
milieu  upon  a  given  fixation  ultimately  led  to  the  recognition  of 
structure-specific  limits  of  reaction,  considered  to  be  characteristics 
of  the  substructures.  Papain  and  trypsin  reveal  a  morphologically 
demonstrable  effect  only  thee  a  fixation  (denaturation)  of  elementary 
bodies  has  preceded.  In  the  case  of  pepsin,  denaturation  is  automatic 
through  the  agency  of  the  add  medium.  Fig.  11  gives  a  compilation  of 
resulting  data,  obtained  after  fixation  wLth  alcohol-acetic  acid.  Since 
the  enveloping  membrane  normally  is  resistant  to  protease,  similarly  to 
bacterial  cell  walls,  it  was  not  included  in  the  graph.  Judging  by  its 
reaction  to  the  three  enzymes,  the  peripheral  layer  consists  of  protein. 
The  DMA -containing  core  is  resistant  to  pepsin  at  all  levels  of  pH.  It 
is  digested  by  papain  only  at  values  above  pH  4.8,  although  the  enzyme 
may  still  be  effective  pro teolyti cally  in  the  acid  reaction,  as  shown 

by  the  degradation  of  the  peripheral  zone.  Apparently  the  charge  of  the 
substrate  is  changed  at  the  transition  point  pH  4.8,  followed  by  a  shift 
in  the  stability  of  papain.  Parallel  to  the  behavior  of  cell  nuclei 
(81,  71,  72),  the  inner  body  is  stable  against  dialyzed  trypsin,  but 
labile  against  the  same  ferment  in  the  presence  of  ions.  In  this 
circumstance  it  again  reveals  the  typical  behavior  of  deaaxyribonucleo- 
proteides.  The  dual  structure  designated  ae  "central  density"  occupies 
an  intermediate  position  with  respect  to  its  composition.  In  most 
elementary  bodies  it  is  digested  under  favorable  conditions  of  pH,  Just 
as  the  peripheral  layer.  On  the  other  hand,  it  consistently  proves 
stable  against  all  three  enzymes  in  a  few  particles  in  all  transitions. 
This  indicates  that  the  composition  of  this  substructure  varies  in  the 
elementary  bodies.  It  ia  very  probable  that  a  protein  it  involved  here; 
however,  it  is  contained  in  some  particles  in  a  protected  form. 
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It  follows  fro*  Tig.  11  that  a  gradual  degradation  of  elementary 
bodies  is  possible,  depending  on  the  choice  of  enzyme  and  pH.  Pig.  12 
gives  the  resalts  by  means  of  typical  examples  of  micrographs  of 
horisontally  and  vertically  positioned  particles  in  unshadowed  and 
shadowed  preparations .  When  the  peripheral  layer  is  digested  alone 
(e.g.  pepsin  in  0.1  mole  of  cysteine,  pH  4.0),  the  annular  core  and  the 
so called  "central  density"  become  visible  within  the  membrane  (Fig.  12 
«-h).  Wien  the  latter  is  dissolved  (e.g.  pepsin  pH  2.0),. the  core 
alone  is  retained  in  the  membrane,  its  annular  form  being  confirmed  by 
the  lateral  aspect  (Fig.  12  i-l)_.  If  the  same  process  is  carried  out 
with  papain  at  pH  4.2,  the  membrane  itself  is  frequently  digested  under 
conditions  that  are  not  yet  clear;  as  a  result,  inner  bodies  are  isolated 
whose  additional  structural  details  are  distinctly  discernible  in  the 
form  of  a  square  shape  with  densities  in  the  corner  sones  (Fig.  12  m-p) . 
As  already  indicated,  the  dual  element  ("central  density”)  can  also  be 
demonstrated  within  the  membrane  by  simultaneous  lysis  of  the  peripheral 
layer  and  the  core  (papain  pH  5.0  or,  preferably,  ion-containing 
trypain,  pH  2>>6.0)  (Fig.  12  q-t).  In  addition,  e^pty  membranes  are 
obtained,  usually  in  great  preponderance,  depending  on  the  conditions  of 
reaction  (Fig.  12  u-x),  as  produced  also  by  the  combination  pepsin  - 
DNase  -  pepsin  (see  above). 

The  described  three-dimensional  structure  of  elementary  bodies 
recently  found  additional  confirmation.  Whan  the  virus  particles  are 
exposed  to  a  very  low  charge  density,  thereby  dispensing  with  precise 
focus,  it  is  possible  subsequently  to  earry  out  a  successful  enzymatic 
digestion.  We  succeeded  in  observing  the  fate  of  individual  elementary 
bodies  in  minute  detail  (82) .  For  example,  s  comparison  of  Fig,  13a  and 
b  shows  that  an  elementary  body  which  originally  was  positioned 
vertically  (7)  reveals  the  core  in  profile  after  treatment  with  pepsin. 
(The  elementary  body  labeled  7'  originally  presented  a  side  view,  then 
assumed  s  horizontal  position  upon  exposure  to  ensymatic  action).  Even 
mare  impressive  is  the  proof  of  the  structural  arrangement  of  the  dual 
element,  as  revealed  in  Fig.  13  c  and  d.  While  papain  (pH  7.0)  exposes 
only  one  central  body  in  level  virus  particles,  both  laterally  positioned 
elements  beeome  distinctly  visible  in  three  vertical  elementary  bodies 
(V),  and  only  in  those. 


Structural  analysis  by  means 
of  ultras!  crotomy. 

The  use  of  ultraadcrotony  eventually  led  to  complete  confirmation 
of  biochemical -morphological  findings.  Although  studies  of  infected 
tissues  bad  prefaced  characteristic  signs  of  the  sectioned  nature 
elementary  body  (83>  84),  the  picture  was  complemented  by  systematic 
investigation  of  suspended  elementary  bodies  (66,  85) .  The  basic 
structure  therefore  is  independent  of  the  fixative  in  its  essential 
factors  (Fig.  14)  and  may  thus  be  considered  to  be  definitive.  It  is 
true  that  the  contrast  is  poorer  upon  use  of  organic  fixing  agents 
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(e.g.  alcohol-acetic  add  and  formaldehyde),  when  cospared  to  fixation 
with  0a04  (fig.  14  a-b)  or  KMnO^.  This  disadvantage  is  easily  cancelled, 
however,  by  contrasting  the  prepared  sections  with  uranylic  salts  (Fig. 

14  c~h).  Fig.  1$  depicts  currwt  knowledge  scheaatieally.  The  brick- 
shaped  fora  of  the  elementary  bodies  indicates  the  existence  of  two 
distinct  sectional  planes,  a  horizontal  and  a  vertical  one  (cf.  also 
Fig.  20e).  Based  on  experience,  ideal  horizontal  sections  are  more 
rarely  observed  than  vertical  ones;  this  aay  be  expected,  judging  froa 
the  schematic  representation. 

According  to  the  laws  of  electron  optics,  sections  possessing  a 
thickness  of  30  m/*'  under  favorable  conditions  yield  a  better  resolution 
than  the  elementary  bodies  proper  (120-140  a^ )  or  the  core  surrounded 
by  the  Halting  membrane.  For  this  reason,  higher  required  magnifica¬ 
tions  are  possible  and  additional  structural  details  become  visible. 

The  basic  component*  are  identical,  however,  as  already  described  by 
means  of  biochemical  degradation. 

The  enveloping  membrane  normally  appears  with  dual  contours; 
fixation  with  alcohol-acetic  acid  produces  a  single  line.  The  peripheral 
protein  layer  has  a  fine,  homogeneous  structure.  It  borders  directly  on 
the  outer  membrane  in  the  peripheral  zones  of  the  elementary  body. 
However,  vertical  sections  show  that  the  dual  element  (identical  with 
the  "central  density")  is  imbedded  in  the  median  portion  between  both 
structures.  This  element  is  always  more  strongly  contrasted  than  the 
peripheral  layer  of  protein.  The  dual  element  ia  not  found  in  ideal 
horizontal  sections.  In  the  center,  we  finally  see  the  discal,  bicon¬ 
cave  core,  which  deserves  special  attention  due  to  its  content  of  DMA. 

Its  limiting  peripheral  zone  usually  shows  a  strong  contrast,  ubich  is 
particularly  vivid  following  treatment  with  uranylic  salts  which 
apparently  have  an  affinity  for  this  substructure.  Suitable  fixation 
again  produces  a  dual  structure  (Fig.  14  e-h);  the  contrast  of  the  two 
contours  is  quantitatively  variable,  however.  Following  fixation  with 
formaldehyde  (and,  usually,  with  0*64)  the  core  shows  a  strong,  contrast 
even;  in  its  interior  portion.  Fixation  with  KMn04  leads  to  contrasts 
in  the  core  and  its  dual  contour  ahich  are  not  Immediately  reconcilable 
with  the  results  presented  here  (Fig.  20  b-e)  (86).  The  core  doubtless 
is  the  most  sensitive  structure  of  the  elementary  body;  this  was 
already  indicated  by  the  specific  loss  of  00 nt rest  owing  to  electronic 
factors  (see  above).  Serious  consideration  must  be  given  to  artifacts. 
However,  since  this  structure  undoubtedly  represents  the  most  interesting 
subunit  of  the  elementary  body,  its  subjection  to  detailed  analysis 
ought  to  prove  fruitful. 

Initial  signs  of  detailed  structures  of  this  element  are  found 
already  upon  cloaar  observation.  Thus,  for  example.  Fig.  14b  ahows  a 
granule  in  the  upper  left  area  of  the  inner  body,  surrounded  by  a  lighter 
zone;  the  cut  through  the  other  three  corners  produced  only  tbs  light 
zone  (cf.  also  the  seoond  drawing  in  Fig.  15).  Such  foms  are  also 
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found  in  vertical  sections,  if  thsse  have  been  aade  diagonally  through 
the  elementary  body,  as  expressed  by  the  lower  drawing  in  Pig.  15. 

These  forms  very  probably  are  identical  with  the  four  sones  of  density 
found  in  the  intact  particle  (Fig.  12a),  with  the  tones  in  which 
specific  contrast  loss  cobmdcss  (Fig.  9)  and,  finally,  with  the  four 
corner  sones  of  the  exposed  core  (Fig.  12m). 

Based  on  the  results  ^escribed,  the  anatoay  of  the  nature  elementary 
body  turns  out  to  be  highly  differentiated.  The  discovery  of  the 
structure  has  thereby  outdistanced  knowledge  of  the  substructural 
functions;  future  studies  must  endeavor  to  close  this  gap. 

Stages  of  the  eleasntary  body. 

It  would  seem  indicated  to  observe  the  behavior  of  the  substructures 
electron-optically  at  the  start  of  infection  and  to  gain  functional 
knowledge  in  this  manner.  Such  studies  can  only  lead  to  success  when  a 
large  number  of  micrographs  of  high  quality  is .available.  Besides, 
possible  biochemical  or  morphological  changes  would  not  decide  whether 
individual  cases  involve  a  development  within  the  scope  of  the  infective 
process,  or  tdiether  they  are  manifestations  of  lytic-degenerative 
processes  to  be  expected  in  the  Smyrna tic  milieu  of  the  host  cell. 
Indications  of  such  difficulties  appeared  quite  early,  when  the  study  of 
pepsin  hydrolysis  revealed  reactions  deviating  from  normal,  namely, 
e^rty  msabranes  and  completely  unimpaired  elementary  bodies  side  by  side 
with  all  transitional  phases  (87*  88,  63*  89).  Among  freshly  prepared 
elementary  bodies,  e.g.  those  obtained  from  dab  preparations,  the  number 
of  abnormally  reacting  particles  is  usually  higher  than  among  purified 
suspensions.  The  divergent  behavior  of  individual  elementary  bodies  may 
be  demonstrated  with  particular  lucidity  by  means  of  preparations  photo¬ 
graphed  prior  to  ensymatic  attack.  Fig.  13  a-b  shows  a  particle  at  A, 
which  is  entirely  normal  prior  to  treatment  with  pepsin,  but  subsequently 
differs  from  others  by  the  absence  of  an  inner  body.  On  the  other  hand. 
Fig.  10  oontains  two  unimpaired  particles  naar  normally  degraded  ele¬ 
mentary  bodies.  Mature  elementary  bodies  consequently  may  differ 
radically  in  their  biochemical  composition  despite  identical  morphology. 
The  aforementioned  results  of  proteolytic  digestion  of  the  duel  element 
("central  density”)  also  point  in  this  direction.  It  is  very  probable 
that  mature  elementary  bodies  may  manifest  corresponding  differences  in 
functional  performance. 

Tbs  first  insight  is  offered  thereby  into  the  genesis  end  decline 
of  elementary  bodies.  Sven  more  impressive  is  the  demonstration  of 
preliminary  stages  of  the  mature  virus  particle  during  ultraeytolofLcal 
stadias  of  infected  cells.  Following  basic  work  by  day lord  and  Mai nick 
on  the  viruses  of  vaccinia,  ectro sells  and  molluscua  contagLoeum  (83) 
and  the  endeavors  of  particular  technical  perfection  by  Morgan  and 
others  with  vaccinia  and  fowl  pox  viruses  (84,  90),  their  results  have 
been  confirmed  by  several  research  groups  (vaccinia  91-95,  variola  vara 


60,  nolluscua  oontaglosum  96-96,  fowl  pox  99-101,  eetromella  102-103, 
rabbit  fibroma  104-107)*  According  to  these  findings,  the  processes 
leading  to  formation  of  nature  elementary  bodies  are  subject  to  the  asms 
laws  aaong  all  viruses  of  this  group.  Based  on  investigations  by  our 
own  research  group  of  the  propagation  of  vaccinia  virus  in  HeLa  cell 
cultures,  undertaken  in  collaboration  with  G.  Nielsen  and  K.  H.  Andres 
(94),  the  nost  essential  resuits  shall  be  described  below. 

The  development  of  poxviruses  apparently  is  restricted  to  the  host 
cell  cytoplasm.  About  6-8  hours  after  infection,  the  first  characteristic 
signs  are  seen  —  frequently  near  the  nucleus  —  in  the  fora  of  dense 
zones  of  variable  extent,  called  "viroplaam"  or  "matrix. *  At  the 
periphery,  but  often  also  in  the  interior  of  these  zones,  there  are 
particles  about  250  m/M  in  diameter,  generally  considered  to  be  "immature" 
elementary  bodies  (Fig.  16  and  17).  These  bodies  are  delineated  against 
the  matrix  or  cytoplasm  by  a  membrane  of  varying  intactness  and,  sur¬ 
prisingly  enough,  show  the  same  granular,  fine  structure  in  the  interior 
as  the  so called  viroplama.  These  bodies  are  nost  probably  round;  the 
oval  structure  reflected  in  the  illustrations  is  a  deformation  ascribed 
to  the  cutting  process.  Preparations  fixed  with  OsO^  reveal  that  many 
of  these  particles  possess  a  contrasting  core  surrounded  by  a  light  none, 
usually  in  an  excentric  position  (Fig.  16b).  Owing  to  inadequate  contrast, 
this  structure  is  barely  discernible  in  material  fixed  with  KMnO^ (Fig. 

17,  20a).  Nothing  is  known  about  the  chemical  composition  and  function 
of  this  body.  The  tern  "nucleoid,"  introduced  by  Morgen  et  al.  (84)  and 
accepted  by  nost  authors,  has  only  hypothetical  substance.  There  is 
some  support  for  the  view  that  the  nucleoid  is  formed  in  the  Immature 
elementary  bodies  in  the  course  of  developnent.  However,  since  every 
section  through  a  virus  particle  does  not  necessarily  bisect  its  nucleoid, 
this  question  cannot  be  decided  immediately . 

During  the  onward  course  of  infection,  in  our  system  about  15  hours 
post  infectionem,  increasing  numbers  of  mature  elementary  bodies  are 
found  initially  intracytoplaaadLcally  and  later,  extracellularly,  easily 
recognized  by  the  characteristic  Internal  structure  (Fig.  16b).  There 
is  little  doubt  but  that  these  develop  from  immature  particles.  The 
transition  from  one  fora  to  the  other  may  take  place  with  relative 
rapidity;  structures  that  could  be  identified  as  positive  transition 
forms  are  rarely  seen.  Deviations  from  normal  are  found  also  among  the 
immature  forms;  their  inclusion  within  the  framework  of  this  report  was 
decided  against,  however,  since  no  interpretation  is  possible  at  this 
time.  The  evaluation  of  such  structures  deals  not  only  with  develop¬ 
mental  stages,  but  also  with  tbe  results  of  lytic  processes  which  affect 
every  stage  of  development  and,  therefore,  may  lead  to  structural  changes 
wholly  unrelated  to  the  normal  course  of  viral  synthesis.  In  addition, 
all  possible  structures  may  be  masked  by  methodically  Imposed  artifacts. 
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Ia  the  early  stag*  of  infection,  tho  periphery  of  the  form  tire 
cent  era  con  tie  tent!  y  reveals  largo  aggregates  of  nitochondria.  Since 
them  are  intensely  involved  in  metabolic  activitiea,  this  fact  is  not 
surprising.  This  observation  and  the  circumstance  that  iamture  ele- 
asntary  bodies  are  of  approxinately  the  sane  site  as  snail  Mitochondria, 
led  to  the  hypothesis  that  imature  eleasntary  bodies  my  develop  fron 
Mitochondria  (93).  Our  experience  to  date  has  failed  to  support  this 
view. 

Electron-optical  studies  covering  the  first  6  hours  of  the  infective 
process  have  not  yielded  clues  to  virus-specific  structures;  a  result 
that  eadnently  fits  the  assanption  of  an  ecliptic  phase.  Bxpeiimntally, 
this  assertion  is  still  narked  by  uncertainties,  for  it  is  enormously 
difficult  to  find  one  or  a  few  virus-specific  structures  with  the  aid  of 
sections  only  1/500  cell  disasters  thick,  in  the  United  field  of  a 
20,000-fold  Magnification,  especially  since  every  cell  cannot  be  assuaed 
to  be  Infected. 

Hew  that  the  iamture  and  nature  eleasntary  bodies  Imve  been 
recognised  as  tw>  characteristic  developnental  stages  of  poxviruses,  the 
question  is  raised  whether  the  iamture  fora  is  already  infective.  The 
fact  that  the  infectivity  in  the  system  vaccinia  virus-HeLa  cell 
by  us  rises  already  10  hours  after  infection,  while  mture  elemntary 
bodice  are  found  only  after  IS  hours,  seeas  to  give  an  affirmative  answer. 
It  is  possible,  of  course,  that  a  few  mture  virus  particles  responsible 
far  the  increase  in  infectivity  have  escaped  electron-optical  detection. 
Tho  question  anst  therefore  be  held  in  abeyance.  In  addition,  tho 
significance  of  the  so called  matrix  requires  critical  elucidation.  The 
aesaa^tion  that  this  is  an  obligate  structure  preceding  the  elemntary 
body,  has  not  been  confined  satisfactorily,  although  it  is  quits  likely, 
since  each  sones  have  been  found  among  nearly  all  of  the  viruses  of  this 
group  studied  to  date  and  in  a  wide  variety  of  host  cells. 

Differences  specific  to  the  virus  or  host  are  disooverqd  only  in  the 
later  stages  of  infection,  in  agreement  with  earlier  light-optical 
results;  they  appear  with  tbs  formation  of  tho  classic  inclusion  body. 

A  comparison  of  results  involving  mollascum  eontagiosum  (Fig.  18)  and 
fowl  pox  (Fig.  19),  obtained  In  collaboration  with  E.  H.  Andres  (see  108), 
rsvesls  typical  examples.  In  the  former,  the  inclusion  bodies  sees  to 
consist  solely  of  mture  elementary  bodies.  They  are  separated  fron  each 
other  by  the  trabeculae  known  from  light-optics,  which  reveal  muarous 
iamture  elementary  bodies  under  higher  magnification  (109).  It  is  not 
clear  Aether  these  trabeoulaw  represent  residues  of  tho  basic  cyto- 
PilAmric  structure  or  tho  so oa lied  matrix.  The  inclusion  bodies  of  fowl 
pan  virus  (Bollinger  bodies),  on  tho  other  hand,  consist  of  a  homogeneous, 
contrasting  material  in  which  mature  elementary  bodies  are  inbedded, 
often  only  on  tho  periphery.  The  appearance  of  vacuoles  in  the  interior 
of  Inclusion  bodies,  described  by  Hersberg  and  Klsinscfamidt  (101)  in 
•eaneetion  with  the  virus  of  canary  pox,  ia  also  characteristic  (Fig.  19). 
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The  basic  structure  probably  represents  a  virus-imposed  lipoid  reaction 
product  of  tbs  host  cell.  The  basic  structure  is  rarely  homogeneous 
near  elementary  bodies;  it  usually  has  a  granular  or  vesicular  makeup 
(Fig.  20b) .  The  imbedded  mature  elementary  bodies,  fixed  with  IM3O4  in 
the  case  of  the  material  under  discussion,  show  the  typical  brick  shape 
in  vertical  and  horizontal  sections  (Fig.  20c). 

The  present  report  is  incomplete  in  many  respects.  However,  it 
should  indicate  the  kind  of  methodical  equipment  that  is  currently 
available  and  the  extent  to  tdiich  morphology  can  contribute  to  the 
understanding  of  the  nature  of  viruses.  Regarding  the  application  of 
such  studies  to  other  viruses,  we  stand  on  the  threshold  of  a  very 
promising  development.  Considering  the  fact  that  electron  microscopy 
has  already  yielded  extremely  significant  contributions  to  the  viral 
etiology  of  tumors  (cf.  45,  HO),  this  approach  may  be  expected  to 
undergo  a  favorable  evolution  in  th*  future.  Insight  into  the  basic 
phenomena  of  viral  propagation,  whose  sequence  has  not  been  completely 
clarified  in  any  instance,  will  be  gained  by  electron  microscopy  only 
when  ultra cy to logical  methods  are  developed  that  permit  the  observation 
of  the  iaq>ortant  early  reactions  of  viral  synthesis. 

Illustrations. 

Fig.  1.  Helm  cell  after  infection  with  adenovirus  (Type  3),  sones 
of  density  and  elementary  body  aggregates  in  the  nncleoplama:  fixed  with 
KMnO^j  13,000  X. 

Fig.  2.  Crystal  of  adenovirus  (Type  3)  in  the  nucleus  of  an  HeLa 
cell,  fixed  with  DfaO^j  30,000  X. 

Fig.  3-  Blementary  bodies  of  admiovirus  (Type  3)  after  degenera¬ 
tion  of  the  cell  nucleus,  partly  still  in  crystalline  arrangement, 
partly  dispersed  in  the  plasma  of  an  Helm  cell;  areas  containing 
elementary  bodies  are  surrounded  by  membranous  systems;  fixed  with 
KMnO^;  17,000  X. 

Fig.  4.  Elementary  bodies  of  adenovirus  (Type  3),  internal 
structures  and  polygonal  fora  are  distinctly  discernible;  fixed  with 
DfeOj^j  90,000  X.  a)  Intranuclear,  in  crystalline  arrangement, 
b)  intracytoplasaic,  dispersed. 

Fig.  5  a  and  b.  Elementary  bodies  of  lnflueusa  virus  (4/Singapore) 
adsorbed  by  erythrocytes,  fixed  with  formaldehyde,  cores  with  lighter 
centers.  Polygonal  demarcation  of  elssm ataxy  bodies  evident,  especially 
in  a);  fixed  with  Ofa04;  130,000  X. 
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Fig.  6.  Heaaggluti nation  by  inoosplete  elementary  bodies 
( characterized  by  nisei ng  cores)  of  influenza  virus  (A/Singapore) ;  the 
erythrocytic  aeabrene,  partly  with  dual  contours,  is  clearly  visible; 
find  with  nw>4;  130,000  X. 

Fig.  7*  Elementary  bodies  of  vaccinia  virus,  prepared  by  the 
"critical  point”  method;  the  horizontally  positioned  particle  on  the 
left  shows  a  central  density  and  contrasting  corner  zones,  the  vertical 
elementary  bodies  on  the  rigit  reveal  duabbell-shaped  contrasting 
cores;  fixed  with  0*0^,  (weak  exposure);  65,000  X. 

Fig.  8.  Vaccinia  eleesntary  bodies  after  exsiccation  from  iso¬ 
pentane  and  oblique  shadowing  with  uranium  vapor;  fixed  with  OsO;.; 

65,000  X. 

Fig.  9.  Vaccinia  eleasntai7  bodies  with  specific  luminosity  of 
inner  body  structure  due  to  electronic  irradiation  following  treatment 
with  carbon  tetrachloride;  fixed  with  OaO/,;  35,000  X. 

Fig.  10.  Vaccinia  elementary  bodies  after  exhaustive  degradation 
»ith  pepsin  (alcohol-acetic  add  fixation,  pepsin  in  0.1  mole  cysteine, 
pH  3-5) .  Dniqiaired  particles  next  to  membranes  with  cores  and  some 
with  cores  and  central  densities.  Arrow:  Inner  body  of  a  vertically 
positioned  particle  in  profile;  uranium  evaporation;  35,000  X. 

Fig.  U.  Proteolytic  degradation  of  the  detailed  structures  of 
vaccinia  elementary  bodies  in  relation  to  pH,  following  fixation  with 
alcohol-acetic  add.  White:  Zone  of  digestion,  black:  resistant  zone. 
Top:  peripheral  layer;  center:  discal  to  annular  oore;  bottom:  central 
dendty  or  dual  element.  (Pepsin  digestion  in  the  presence  of  0.1  mole 
of  cysteine.) 

Fig.  12.  Various  steps  of  enzymatic  degradation  of  mature  vaccinia 
elementary  bodies  in  horizontal  (left)  and  vertical  (right)  position, 
partly  vaporized  with  uranium;  60,000  X.  a-d)  intact  elementary  bodies; 
e-h)  membranes  with  core  and  central  density;  i-1)  membrane  with  core; 
m-p)  exposed  cores;  q-t)  nsabrane  with  central  dendty  or  lateral  dual 
eleamnt;  u-x)  eapty  membranes. 

Fig.  13.  Vaedda  elementary  bodes  fixed  with  OSO4;  25,000  X. 
Identical  fields  before  and  after  treatment  with  enzyme;  the  vertically 
positioned  particle  is  labeled  V.  a-b)  pepsin,  pH  2.0,  0.1  mole  of 
cysteine.  The  vertical  elementary  body  reveals  a  core  in  profile. 
Particle  V*  Initially  stood  on  edge,  but  assumed  a  horizontal  podtien 
during  the  reaction.  Particle  A  was  degraded  down  to  the  enpty 
nsabrane.  —  e-d)  papain,  pH  7.0.  Vertical  particles  showed  two  lateral 
bodies;  their  contrast  is  eod>ined  in  horizontally  podtionad  parti  das, 
producing  the  socalled  central  density. 
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Pig.  14.  Vertical  and  horizontal  sections  through  nature  vaccinia 
elementary  bodies  after  divergent  fixation,  a-b)  OSO4,  c-d)  alcohol- 
acetic  acid,  e-f)  formaldehyde,  g-h)  palladium  chloride,  c-h)  contrast 
enhanced  with  uranylic  acetate;  150,000  X. 

Pig.  15.  Schematic  representation  of  the  nature  vaccinia  elementary 
body  with  horizontal,  vertical  and  diagonal  sections;  about  120,000  X. 

Fig.  16.  Sections  through  HeLa  cells  infected  with  vaccinia;  fixed 
with  OsO^;  45,000  X.  —  a)  two  metrical  zones  with  imbedded  immature 
elementary  bodies,  b)  matrix  with  immature  elementary  bodies,  partly 
with  nucleoid;  a  few  mature  particles. 

Pig.  17*  Section  through  HeLa  cell  infected  with  vaccinia, 
formative  center  near  the  nucleus  (M),  surrounded  by  mitochondria, 
matrix,  immature  elementary  bodies  with  barely  visible  nucleoids;  fixed 
with  EMn04;  40,000  X. 

Fig.  IS.  Section  through  human  skin  containing  a  lesion  of  molluscum 
cont&giosum,  inclusion  bodies  consisting  of  mature  elementary  bodies 
separated  by  trabeculae.  On  the  left,  a  nucleus;  fixed  with  0s04; 

6,000  X. 


Fig.  19.  Section  through  chorioallantoic  membrane  infected  with 
fowl  pox,  contrasting  inclusion  bodies  (Bollinger)  with  mature  ele¬ 
mentary  bodies  in  the  periphery,  partly  with  vacuoles;  fixed  with 
KK11O4;  6,000  X. 

Fig.  20.  Sections  through  chorioallantoic  membranes  infected  with 
fowl  pox;  fixed  with  KMn04;  60,000  X.  a)  Matrix  with  immature  ele¬ 
mentary  bodies,  nucleoid  barely  discernible,  b)  periphery  of  an  inclusion 
body,  granular  substrate,  mature  elementary  bodies,  c)  same  as  b)  arrows 
point  to  mature  elementary  bodies  with  nearly  horizontal  sectional 
surfaces. 
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